In this study, we investigated the 248 nm excimer-laser-induced activation of the Mg-doped GaN layers. According to the observed photoluminescence results and the x-ray photoelectron spectroscopy measurements, we found that the dissociation of the Mg-H complexes and the formation of hydrogenated Ga vacancies ͑i.e., V Ga H 2 ) and/or the Ga vacancies occupied by interstitial Mg during the laser irradiation process, led to an increase in the hole concentration.
However, they did not investigate the excimer-laser-induced activation mechanism further. 8 Therefore, to date, the excimer-laser-induced activation of Mg-doped GaN has not yet been well understood. For this study, we demonstrate that the activation of Mg-doped GaN could be achieved by repetitive laser beam irradiation with a pulsed KrF excimer laser under an air atmosphere. After laser irradiation, Ga oxides formed on the Mg-doped GaN surface, and hydrogenated Ga vacancies ͑i.e., V Ga H 2 ) and/or Ga vacancies, occupied by the interstitial Mg (Mg Ga ), formed in the Mg-doped GaN film, due to Ga outdiffusion. Therefore, after laser irradiation, a hole concentration of 4.1ϫ10 17 cm Ϫ3 could be achieved in the Mg-doped GaN film.
The epitaxial layers used in the experiments were grown on c-plane sapphire substrates using a metalorganic chemical vapor deposition system. Trimethylgallium, ammonia, and bis-cyclopentadienylmagnesium, were used as the Ga, N, and Mg sources, respectively. An undoped GaN buffer layer with a thickness of 650 nm was grown on the sapphire substrate at 520°C, followed by the growth of an Mg-doped GaN layer ͑762 nm͒ at 1100°C. The grown samples ͑as-grown samples͒ were annealed for the purpose of generating holes at 750°C for 30 min in an ambient N 2 (N 2 -activated samples͒, then irradiated in air, by a single pulse from a KrF excimer laser ͑laser-irradiated samples͒. The laser was operated at 248 nm with a pulse duration of approximately 50 ns. The incident laser fluence was 250 mJ/cm 2 (Ͻ600 mJ/cm 2 ). It is known that the threshold fluence for the decomposition or damaged of GaN is above 600 mJ/cm 2 , under which the GaN surface is heated to its decomposition temperature of ϳ900 to 1000°C. 9, 10 Next, all the samples were cleaned in chemical cleaning solutions of trichloroethylene, acetone, and methanol. Prior to the making of the Hall and photoluminescence ͑PL͒ measurements, the as-grown, N 2 -activated, and laser-irradiated samples were treated in an aqua regia solution for 10 min. Hall and PL measurements were performed at room temperature in order to evaluate the electrical and optical properties of the Mg-doped GaN layers, for each activation method. When an He-Cd laser was used as an excitation source, only the 2.8 eV PL band was observed, in the all samples. Two Gaussian functions were used to fit the PL peak, neglecting interference effects. The van der Pauw-Hall measurements were used to determine the hole concentration of the Mg-doped GaN epilayer. From the observed Hall measurements, the hole concentration of the N 2 -activated and laser-irradiated samples was calculated to be 3.6ϫ10 17 cm Ϫ3 and 4.1ϫ10 17 cm Ϫ3 , respectively. The hole mobility of the N 2 -activated and laser-irradiated samples was calculated to be 11.1 cm 2 /V s and 10.9 cm 2 /V s, respectively. For this work, the Ga 2p 3/2 core-level spectrum was measured via x-ray photoelectron spectroscopy ͑XPS͒. The XPS measurements were performed using a monochromatic Mg K␣ x-ray source. For energy reference purposes, we took a Au 4 f 7/2 peak at 83.86 eV and a Cu 2p 3/2 peak at 932.65 eV. The Ga 2p 3/2 core-level peaks were deconvolved into their various components using an interactive leastsquares computer program; the curves were assumed total 80% Gaussian and 20% Lorentzian mixed functions. Figure 1 shows the Ga 2p 3/2 core-level spectra of the N 2 -activated and laser-irradiated samples, respectively, without aqua regia treatment. The Ga-N bonds and Ga-O bonds, were observed in the N 2 -activated and laser-irradiated a͒ Author to whom correspondence should be addressed; electronic mail: rzr2390@yahoo.com.tw APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 14 5 APRIL 2004 samples. The intensity of the spectral component from the Ga-O bond increased significantly after laser irradiation. This suggests that Ga oxides ͑i.e., Ga 2 O 3 ) 11 had formed on the laser-irradiated sample surface due to Ga outdiffusion. Wolter et al. 12 suggested that the transformation of Ga into Ga oxide during irradiation would be thermodynamically most favorable in air.
12 Figure 2 shows the respective normalized PL spectra of the N 2 -activated and as-grown samples, after aqua regia treatment. In Fig. 2 , we find that both samples had a similarly shaped curve. Figure 3 shows the respective normalized PL spectra of the N 2 -activated and laser-irradiated samples, after aqua regia treatment. In Fig. 3͑a͒ , we find that the samples do not show a similarly shaped curve. The difference ͓laser irradiated minus N 2 activated, shown in Fig. 3͑b͔͒ is a broad peak in the 1.9-2.6 eV region, the so-called yellow luminescence ͑YL͒. Basak et al. 13 have indicated that the Ga vacancies (V Ga ) are the source of the YL. 13 In addition, van de Wall has suggested that hydrogenated Ga vacancies ͑i.e., V Ga H and V Ga H 2 ) also contribute to YL.
14 This implies that the Ga outdiffusion induced by laser irradiation will lead to an increase in the amount of Ga vacancies in Mg-doped GaN film. It is possible that the vacancies caused by Ga oxidation will be good paths for Ga atoms to diffuse out of the GaN substrate. 15 However, Wright has indicated that, for extreme p-type conditions, the formation energy of the V Ga or V Ga H complex is quite high. 16 In this case, the V Ga and V Ga H complexes are unlikely to occur. From this kinetic point of view, 16 the V Ga H 2 complex is the most likely to be formed if contributes to YL, as shown in Fig. 3͑b͒ . During the laser irradiation process, the following reactions will occur for Mg-H and V Ga H 2 : 2GaNϩ3/2O 2 →Ga 2 O 3 ϩ2͑V Ga -N͒, ͑1͒
Mg-H→MgϩH, ͑2͒
Wright has also suggested that V Ga H 2 has a negative formation energy and that the removal energy of V Ga H 2 is approximately equal to 2.5 eV for p-type GaN. 16 Wampler et al. 17 have indicated that Mg-H has a positive formation energy, and the formation energy for, Mg-H→MgϩH, is equal to 0.8 eV. Therefore, we deduce that the occurrence of the reaction, Mg-H→MgϩH, and the formation of V Ga during laser irradiation, may lead to the generation of V Ga H 2 . According to previous reports, 14, 18 we understand that in Mg-doped GaN hydrogen prefers a positively charged state (H ϩ ) and is attracted by negatively charged Ga vacancies (V Ga 3Ϫ ). This suggests that the formation of Ga vacancies significantly enhances hydrogen desorption from the Mg-H complexes, to form V Ga H 2 . This results in the activation of Mg-doped GaN. In addition, the Mg-H complexes may be also broken by laser irradiation to form the positive charged hydrogen. V Ga H 2 contributes two electrons, leading to a single acceptor. 14 Gelhausen et al. 3 found that the YL band evolved, following the LEEBI treatment for the metalorganic vapor phase epitaxy-grown Mg-doped GaN. They proposed that electron irradiation will head to the dissociating of hydrogenated Ga vacancies, resulting in an activation of V Ga -related complexes, thus inducing the radiative recombi- nation responsible for the observed YL. 3 In addition, the increase in the number of Ga vacancies caused by Ga outdiffusion may improve the activation efficiency, by promoting the following reaction Mg i ϩV Ga →Mg Ga (Mg i : The interstitial Mg͒. 19 This is another possible explanation for the increased hole concentration. A schematic drawing summarizing the laser-irradiation activation mechanisms described above shown in Fig. 4 .
In summary, the activation mechanism of laser-irradiated Mg-doped GaN has been investigated for this study. According to the experimental results, we deduce that Ga oxidation will lead to an increase in Ga-vacancy-related defects and the acceleration of Ga outdiffusion during laser irradiation. Therefore, excimer-laser-induced activation is attributed to the dissociation of the Mg-H complexes and the strengthened formation of the hydrogenated Ga vacancies and/or the Ga vacancies occupied by interstitial Mg. This project was supported by the National Science Council of Taiwan, the Republic of China, under Contract No. NSC 92-2215-E-035-003. The KrF excimer laser was kindly provided from the Fiber Grating Fabrication Laboratory, Department of Electrical Engineering, Feng Chia University.
